A B S T R A C T The possibility that alterations in the rate or efficiency of energy utilization could be involved in the control of cellular oxygen consumption by thyroid hormone was examined in right ventricular papillary muscles isolated from normal euthyroid cats and cats with experimentally induced hyperthyroidism and hypothyroidism. Energy production in the muscles was inhibited and isolated from the process of energy utilization by exposure to iodoacetic acid and nitrogen. After resting or performing variable amounts of contractile element work under isometric conditions, muscles were frozen, and the total amount of chemical energy (~P = creatine phosphate + ATP) used was determined. The resting rate of energy utilization in muscles from euthyroid animals was 0.78 ±0.07 tmoles/g per min of P.
A B S T R A C T The possibility that alterations in the rate or efficiency of energy utilization could be involved in the control of cellular oxygen consumption by thyroid hormone was examined in right ventricular papillary muscles isolated from normal euthyroid cats and cats with experimentally induced hyperthyroidism and hypothyroidism. Energy production in the muscles was inhibited and isolated from the process of energy utilization by exposure to iodoacetic acid and nitrogen. After resting or performing variable amounts of contractile element work under isometric conditions, muscles were frozen, and the total amount of chemical energy (~P = creatine phosphate + ATP) used was determined. The resting rate of energy utilization in muscles from euthyroid animals was 0.78 ±0.07 tmoles/g per min of P.
This rate was elevated in muscles from hyperthyroid cats to 1.00 ±0.09 gmoles/g per min and decreased in muscles from hypothyroid cats to 0.23 ±0.14 umoles/g per min. Isometrically contracting muscles from cats with hypothyroidism utilized only 64% as much energy as muscles from euthyroid cats while performing 81% as much contractile element work at a moderately decreased level of contractile state. Muscles from hyperthyroid cats utilized an average of 41% more energy than did muscles from euthyroid cats while contracting an identical number of times and performing an equal INTRODUCTION Thyroid hormone has many effects on cellular function, the most striking of which is its influence on oxygen consumption or energy metabolism. The stimulation of oxygen consumption found in most tissues after the administration of thyroid hormone has been attributed to changes in the rate of energy generation, the efficiency of energy generation, or a combination of these (1) . The chief features of clinical and experimental hyperthyroidism and hypothyroidism have been postulated to result from changes in the process of energy generation (2) , shown schematically in Fig. 1 as Coupling A. However, it is also possible that a change in the rate or efficiency of energy utilization, Coupling B, could be an important determinant of the alterations in energy metabolism found in hyperthyroidism and hypothyroidism. In order to determine whether alterations in energy utilization are involved in the stimulation-of cellular oxygen consumption by thyroid hormone, it is necessary to measure energy transformation under conditions where energy generation has been eliminated. Cardiac muscle has been found to be a convenient tissue for this purpose (3, 4) .
Adenosine triphosphate (ATP) is thought to be the immediate energy source for muscle contraction (5) . Creatine phosphate is in equilibrium with ATP, and together they provide the readily available energy supply for the heart. When cardiac muscle is exposed to an appropriate concentration of iodoacetic acid, anaerobic glycolysis is inhibited. In addition, if cardiac muscle is deprived of oxygen by placing it in an atmosphere of nitrogen, oxidative phosphorylation is also inhibited, and the result of the combination of these procedures is to inhibit completely the process of energy generation. Measurement of myocardial high-energy phosphate concentrations (ATP and creatine phosphate) under conditions in which no net synthesis of ATP or creatine phosphate can occur provides a means of directly assessing the rate of energy utilization in cardiac muscle under conditions of rest or activity.
Measurement of the basal rate of energy utilization in resting cardiac muscle is analogous to measurements made in tissues where the effects of thyroid hormone have been most thoroughly studied, e.g., liver. In liver and resting cardiac muscle, there is no readily available measure of the quantity of cellular work performed, information that is essential for determining the efficiency of cellular energy utilization. On the other hand, the contraction of cardiac muscle provides a form of cellular work where the extent of the process may be determined directly and correlated with energy utilization to provide an estimate of the efficiency of cellular energy utilization (3, 4) .
The purpose of the present study was to determine the influence of alterations of thyroid state on the process of energy utilization. We used a cardiac muscle preparation, the cat right ventricular papillary muscle, because both the rate and efficiency of energy utilization can be readily determined in this preparation while permitting the direct demonstration of the effects of excess thyroid hormone or its deprivation on myocardial mechanical performance.
METHODS
Experimental preparation. Studies were performed using normal adult cats, cats made hyperthyroid by the intraperitoneal injection of 1-thyroxine (0.75 mg/kg per day) for 10-17 days, and cats in which hypothyroidism had been induced by a single intraperitoneal injection of 1 mCi/kg "I 116-160 days before study. The animals were anesthetized with intraperitoneal pentobarbital (25 mg/kg), and blood was obtained for determination of serum proteinbound iodine and cholesterol. The hearts were then removed, and right ventricular papillary muscles were rapidly excised and transferred to a myograph containing a Krebs-bicarbonate solution (pH 7.4) aerated with a mixture of 95% Or-5% CO, at a constant temperature of 260C (3). The base of each muscle was held in a spring-loaded plastic clip while the upper tendinous end was fastened to an isometric force transducer1 by a short length of braided silk suture. Muscles were stimulated 2 directly by stainless steel wires on the inner surface of the attachment clip. Square wave impulses of 5 msec duration and a voltage of 10% above threshold were employed.
Tension and the stimulus artifact were recorded at a paper speed of 100 mm/sec on a multichannel oscillographic recorder.' Resting and active tension, rate of tension development, and time-to-peak tension were determined from these recordings. The maximal rate of tension development (dT/ dt) measured at the peak of the length-active tension curve, Lmax, was used as an index of myocardial contractile state for comparing muscle function in the three muscle groups. This parameter has been shown to have a direct relation to the intensity of muscle active state as determined by the quick release method (6) . In order to compare the mechanical function of papillary muscles of different sizes, tension was expressed in grams per square millimeter. The cross-sectional area of each muscle was calculated by dividing its wet weight (mg) by its length (mm) assuming the muscle to be cylindrical with a density of 1.0. Mean cross-sectional area was similar in muscles obtained from euthyroid ( To avoid possible errors from weighing small samples in the frozen state, muscle weights were calculated from the creatine content of the muscle sample using creatine concentrations measured in two separately obtained right ventricular samples from the same heart. The validity of this method was confirmed in a previous study (3) in which it was shown that the creatine concentration of papillary muscles was similar to that of adjacent right ventricular nuscle. Muscles weighing less than 5 mg or more than 15 mg were discarded.
Calculations. Calculations of contractile element work (CEW), i.e. the work performed by the contractile element in stretching the series elastic component, were made from the formula CEW = f/k where f equals the summated total active tension in grams per square centimeter generated by each muscle during the experimental period, and k is the series elastic constant previously derived (13) from the relation of the modulus of elasticity of the series elastic (df/dl) to load, f: df/dl = k-f. It has been demonstrated 'Sigma Chemical Co., St. Louis, Mo. previously that the constant of the series elastic component is not altered by changes in thyroid state (14) .
The basal rate of energy utilization in the resting muscles was calculated by a linear regression on time with total high-energy phosphate concentration (,-P = ATP + creatine phosphate) as the dependent variable. In addition total energy utilization (A -P) was calculated for each muscle which had been contracted 25 times. Muscle content of ATP (ATPc), creatine phosphate (CPc), and creatine (creatine.) was directly assessed in each muscle. It was not possible to measure directly the high-energy phosphates present in any given muscle both before and after stimulation, since one muscle could not be sampled twice. Thus, the initial highenergy phosphate contents in each active muscle were estimated from the average values obtained in muscles from the same treatment group after 3 min of rest during the period of metabolic blockade. Both initial and final highenergy phosphate contents were expressed as the quotient of ATPc + CPc creatine, with creatine0 serving as an index of tissue extraction. The result obtained by subtracting the final quotient from the estimated initial quotient represents the utilization of ATP and creatine phosphate in each muscle in terms of directly assessed contents. This value was converted into the concentration of high-energy phosphate used (A P) by multiplying it by the creatine concentration of the adjacent right ventricle which has been shown to be similar to that found in the papillary muscle (3) .
All values are expressed as the mean ±SE. Statistical tests of significance were performed by the t test of the difference between group means (15) . Differences between the groups were considered significant when P < 0.05.
RESULTS
Characterization of thyroid state. Induction of the hyperthyroid state caused an increase in the serum protein-bound iodine and a decrease in serum cholesterol. The hypothyroid cats had a decreased serum proteinbound iodine and an increased serum cholesterol (Table  I) . Each of these changes was statistically significant when compared with the euthyroid group. The hyperthyroid cats lost 750 +30 g body weight during the period of 1-thyroxine administration, whereas the hypothyroid cats gained 100 ±50 g body weight after 'I treatment. The rapid weight loss observed in the hyper- (35) DEVELOPED TENSION RATE DEVE greater in muscles from hyperthyroid than euthyroid cats although the differences were not statistically significant. Time-to-peak tension and developed tension were significantly less in the hyperthyroid group. Developed tension and dT/dt were significantly less, and time-to-peak tension significantly greater in muscles from the hypothyroid group than in muscles from euthyroid animals.
Total contractile element work performed during the 25 isometric contractions in muscles from euthyroid cats (371 ±20 g-cm/g) was similar to that in muscles from hyperthyroid cats (370 ±25 g-cm/g) while muscles in the hypothyroid group performed significantly less work (301 +23 g-cm/g, P < 0.05). markedly depressed in muscles from hypothyroid cats (0.23 ±0.14 Amoles/g per min, P < 0.01).
Energy utilization of isometric contractions. The measured content of ATP, creatine phosphate, and creatine in each muscle frozen after 25 contractions is shown in Table II . The initial high-energy phosphate content in each active muscle was estimated from the average value found in muscles from the same experimental group frozen after 3 min of rest. The total energy utilized in the active muscles was then determined by subtracting the final high-energy phosphate stores from the estimated initial stores. This average total energy utilization was 2.36 ±0.56, 4.07 ±0.33, and 5.64 ±0.34 Amoles/g, respectively, in muscles from hypothyroid, euthyroid, and hyperthyroid animals. These values for the hypothyroid and hyperthyroid groups differed significantly from that of the euthyroid cats (P < 0.01).
The average amount of energy used per muscle for activation and the performance of work was obtained by subtracting resting energy utilization during the 50 sec contraction period from the total energy used (Fig. 4) . Average active energy utilization was greater in the hyperthyroid group (4.81 smoles/g) and less in the hypothyroid muscles (2.18 iLmoles/g) as compared with the euthyroid group (3.42 tmoles/g).
Comparative average values for muscle mechanics and active energy utilization are depicted in Table III The change in the ratio of total high-energy phosphate content to creatine content (A -Pc/creatine0) which occurred during the series of isometric contractions was determined for each muscle by subtracting the quotient of the assessed contents T tci Cc found at the end of the experiment from the average assessed value of this quotient for each group at the beginning of the isometric contraction phase of the experiment (1.004, 1.028, and 1.147 for the hypothyroid, euthyroid, and hyperthyroid groups, respectively). High-energy phosphate utilization (A -P) was then determined by multiplying A ' Pc/creatine0 by the creatine concentration of the adjacent right ventricle. CP = creatine phosphate. * P < 0.05 when compared with euthyroid. FIGURE 4 Total energy utilization in papillary muscles from euthyroid, hypothyroid, and hyperthyroid cats during isometric contraction. Total energy utilization = sum of active energy used and resting energy used. A -P = utilization of creatine phosphate and ATP.
forming an equal amount of contractile element work at a slightly increased level of contractile state.
DISCUSSION
The purpose of the present study was to determine whether or not the rate or efficiency of energy utilization is changed in cardiac muscle by alterations in thyroid state. It was observed that the resting rate of energy utilization was increased in muscles from hyperthyroid cats and decreased in those from hypothyroid cats. Under conditions where the frequency and number of isometric contractions were identical, muscles from hyperthyroid cats utilized an average of 41% more chemical energy than did muscles from euthyroid animals, whereas muscles from hypothyroid cats used 36% less. These results were obtained under conditions which measured only energy utilization. Therefore, changes in intermediary metabolism affecting energy generation and conservation, such as uncoupling of oxidative phosphorylation, could not be responsible for the demonstrated changes in energy utilization.
Myocardial energy requirements during isometric contraction are largely determined by the mechanical behavior of the muscle. Tension development and contractile state have been identified as the most important determinants of myocardial energy needs (16, 17) . Contractile element work, a linear function of active tension, was nearly identical in the muscles from the hyperthyroid and euthyroid cats, whereas dT/dt, an estimate of myocardial contractile state, was 14% greater in the muscles from the hyperthyroid group. This increase in dT/dt in hyperthyroidism probably contributed to the increased energy requirements of muscles in the hyperthyroid group. In a previous study attempting to define the relative role of contractile state in determining myocardial oxygen consumption, it was found that a 43% increase in contractile state, measured as Vmax, was associated with a 50% increase in oxygen consumption (18) . Thus, it seems unlikely that the small increase in myocardial contractile state noted in hyperthyroidism in the present study could entirely account for the large increase in energy utilization measured in this condition. Rather, our results suggest that the increased energy utilization of contracting cardiac muscle from hyperthyroid cats is attributable to alterations in the conversion of chemical energy to mechanical work, i.e., an inefficient process of energy utilization.
It is possible that alterations of cellular energy utilizing processes in hyperthyroidism not directly related to muscle contraction could account for a portion of the increase in high-energy phosphates used during contraction. Thus, it is possible that an increased amount of energy is required in the hyperthyroid hearts for the process of activating muscle contraction. The design of the present study, however, precluded any attempt to estimate activation-related energy utilization in these muscles. Wang and Benmiloud recently reported that hearts from hyperthyroid rats had an increased adenosine triphosphatase activity in cellular fractions containing mitochondria (19) . Similar results have been reported from human skeletal muscle (20) . These find- Previous attempts to define myocardial efficiency in hyperthyroidism have given conflicting results (21) (22) (23) . In some instances myocardial efficiency has been thought to be increased (22, 23 (25) . Although consistent with the hypothesis that thyroid hormone reduces the efficiency of energy utilization, these results were obtained under conditions which did not exclude possible alterations in the process of energy generation.
Attempts to characterize myocardial energetics in hypothyroidism have also given conflicting results. Goh and Dallam (26) reported that nonworking ventricular preparations from hypothyroid rats had a decreased oxygen consumption. Myocardial oxygen consumption was found to be decreased in hypothyroid dogs (27, 28) but myocardial efficiency was also reported to be decreased (28) . In one patient with hypothyroidism secondary to thyroiditis, a normal myocardial oxygen consumption was found (29) . The interpretation of these results is limited, however, because none of these studies were performed under conditions allowing adequate control or measurement of the important mechanical determinants of myocardial energy requirements.
In a previous study Buccino (34) . In the present investigation in order to focus on energy utilization, the process of energy production was specifically inhibited, and therefore no information relative to energy production is available. Second, abnormally increased energy utilization could be responsible for the calorigenic action of thyroid hormone. This increase could involve accelerated basal processes, perhaps not directly related to processes of cellular work, e.g. increased activity of mitochondrial ATPase (19, 20) . Some support for this concept was found in the present study in the changes in basal energy utilization of resting heart muscle produced by alterations of thyroid state. Finally, it is also possible that the calorigenic action of thyroid hormone results from a decrease in the efficiency of energy utilization as the level of thyroid state is increased so that the amount of energy used in hyperthyroidism is in excess of that required of euthyroid tissues for performing identical levels of cellular work. The results obtained in contracting muscles from hyperthyroid animals in the present study, support this latter hypothesis. Whereas its calorigenic effect is one of the most characteristic actions of thyroid hormone, it also influences growth and maturation, water and salt metabolism, protein and lipid synthesis and breakdown, bone metabolism, and skeletal muscle function (2). Whether or not the calorigenic effect of thyroid hormone is a fundamental one on which all of the other actions depend is not known. Thus, the possible contribution of inefficient energy utilization to these other actions of thyroid hormone cannot be directly assessed.
The fundamental mechanism by which thyroid hormone alters the utilization of energy by the heart remains to be elucidated. Recent studies of the basic mechanism of action of thyroid hormone have stressed the importance of its effect on protein synthesis (35, 36) , and it has been postulated that thyroid hormone exerts its characteristic effects by a selective control of the synthesis of enzymes or structural proteins. Applying this concept to heart muscle, it seems possible that thyroid hormone could directly alter the actinmyosin linkages or myosin adenosine triphosphatase in such a way as to control the efficiency of energy utilization. It is also possible that these effects could result from other changes in the contractile proteins or the sarcoplasmic reticulum.
In summary, this investigation has provided evidence that thyroid hormone exerts a profound direct influence on the process of myocardial energy utilization. Both the basal rate of cardiac energy utilization and energy utilization during isometric contraction are increased in hyperthyroidism and decreased in hypothyroidism. The decreased energy utilization in contracting muscles from hypothyroid animals may be largely attributed to decreases in tension generation and contractile state. However, alterations in mechanical behavior of muscles from hyperthyroid cats do not adequately account for the observed increase in cardiac energy utilization, which suggests that the conversion of energy to work is inefficient in these muscles. Thus, alterations in both the rate and efficiency of energy utilization may be important in the control of cellular energy metabolism by thyroid hormone.
